The rate of intake of peptides and free amino acids by Rahnella aquatilis was studied, as well as the evolution of concentrations of exopolysaccharide, biomass, and several metabolites. For this purpose, eight wheybased fermentation media were tested: hydrolyzed bovine whey under 1) aerobic and 2) anaerobic conditions; hydrolyzed bovine whey with 3) 2.0% (wt/vol) NaCl or 4) 0.5% (wt/vol) NaCl; 5) plain bovine whey; 6) bovine whey permeate; 7) hydrolyzed caprine whey; and 8) hydrolyzed ovine whey. The lower peptide fraction (<2000 Da) in plain whey, whey permeate, and hydrolyzed whey fermented aerobically was virtually depleted by 24 h. In all experiments, most consumption of free amino acids occurred at initial stages of fermentation. In caprine whey, ovine whey, and bovine whey fermented anaerobically, free Val was present at high levels until the end of fermentation, and the highest production of acetic acid was also observed. In ovine whey, high levels of peptides and free amino acids were recorded, as well as the highest production of several organic acids (except lactic acid) and the lowest viscosity and polysaccharide concentration. The low concentration of peptides and free amino acids in plain whey and whey permeate did not apparently permit active consumption of lactose, whereas lack of molecular oxygen and presence of salt played a strong role toward inhibition of exopolysaccharide production. The qualitative and quantitative profile of the nitrogen fraction likely might have determined the metabolism of lactose and, consequently, conditioned the production of exopolysaccharide and organic acids even though growth of R. aquatilis was not affected similarly.
INTRODUCTION
Whey, a by-product of cheese making and manufacture of casein concentrates, has often been considered as a low-value liquid. Approximately 1.2 × 10 6 tonnes of lactose and ca. 2.0 × 10 5 tonnes of proteins are currently made available worldwide from whey, but only 60% is actually utilized in formulation of human food and animal feed (8) . Although thermally denatured whey proteins have been commercially available for several years, not until recently has ultrafiltration proven technically and economically feasible, and hence served as a basis for processing important portions of whey (10) . A major disadvantage of this technique is that whey permeate still has a very high biological oxygen demand (BOD), owing mainly to its high lactose content. Unfortunately, lactose has a limited market, mostly restricted to the pharmaceutical industry without promising perspectives for relevant expansion in the near future (18) .
Exopolysaccharides produced via fermentation of lactose are potential alternatives, and some of them possess already important applications as stabilizers, emulsifiers, thickeners, suspending agents, bodying agents, and foam enhancers (15) . Several exopolysaccharides are produced in very low concentrations via fermentative pathways, which are thus not feasible for industrial application; however, Rahnella aquatilis has been shown to be particularly active in metabolizing lactose provided that good aeration conditions are guaranteed (3, 4) . The production of these exopolysaccharides requires use of media, which, besides lactose, should be enriched with a source of nitrogen. Direct utilization of whey would be a less expensive option if advantage were taken of the nitrogen inventory of this feedstock; availability of such nitrogen can be further enhanced by hydrolysis of whey proteins as they can stimulate growth of certain bacteria (14, 17) . The current production of whey protein concentrates also generates important amounts of whey permeate that could constitute an alternative feedstock for exopolysaccharide production. In this study, the utilization of nitrogen, and the concomitant variation of the profiles of free AA and peptides in whey, were studied during production of exopolysaccharide and organic acids from whey by protein for 4 h at 45°C. Two batches of hydrolyzed whey were supplemented with NaCl, one at 2% (wt/vol) and the other at 0.5% (wt/vol), prior to pasteurization. The batches of plain whey and whey permeate were not subjected to hydrolysis. The pH of the former was adjusted to 8.0 before sterilization using 2 M NaOH (to avoid precipitation of whey proteins), whereas the latter was used without any further modification. Prior to inoculation, all media were sterilized at 110°C for 20 min and aseptically cooled to room temperature.
Preparation of Inoculum
An inoculum volume of 75 ml was prepared from a subculture previously inoculated with R. aquatilis stored in glycerol at −80°C. All cultures were previously grown in the synthetic medium (LSM) described elsewhere (3, 4) for 11 h at 26°C in an orbital shaking bath at 150 r.p.m. The process was repeated to produce a standard inoculum in the late exponential growth phase.
Fermentation
Each batch used 1.5 L of broth in the fermentor. The experiments were carried out at 26°C and pH 7.0 under stirring at 800 r.p.m; pH was adjusted following sterilization via aseptic addition of 2 M NaOH. Sterile air (in the case of aerobic fermentation) or nitrogen (in the case of anaerobic fermentation) was bubbled at the bottom of the fermentor at a flow rate of 2 L/min. Silicone was added to the initial medium (0.4 g/L) as an antifoaming agent. A 5% (vol/vol) preparation of standard inoculum was used to start every fermentation batch. Samples were taken during fermentation up to 48 h.
Assay for Microbial Growth
Growth of cultures was monitored by periodic plate counting of viable cells on Tryptic Soy Agar (TSA), supplemented with 5% (wt/vol) lactose, by using the method of Miles and Misra (9) .
Assay for Chemical Composition
The moisture contents of whey and permeate were determined using the method suggested by the International Dairy Federation, [IDF (6)], which consisted of heating the sample at 105°C until constant weight. The nitrogen contents were determined according to the IDF standard (7), which was basically a Kjeldahl method adapted to microconditions by using one-tenth of all samples and reagents. The ash content of the initial media was determined using the method recommended by AOAC (1), which consisted of drying until constant weight at 525°C. Sugars and organic acids were quantified in the same HPLC run, based on calibration curves for chromatographic standards of lactose, citric acid, lactic acid, formic acid, succinic acid, and acetoine, by using the following conditions: resolution by ion exchange, 0.6 ml/min of 5 mM H 2 SO 4 as flow rate of eluant, 50 µl as sample injection volume, 60°C as separation temperature, and refractive index at 30°C as detection for sugars, and UV absorbance as detection for organic acids. Prior to analysis, all samples were pretreated to eliminate protein interference. One milliliter of sample was precipitated with 0.100 µl of 35% (vol/vol) perchloric acid, allowed to stand for 10 min in ice, added with 55 µl of 7.0 M KOH to neutralize PCA, centrifuged for 10 min at 4000 × g, and filtered through a 0.2-µm membrane filter.
Assays for free AA were carried out in an AA analyzer, based on an internal standard for all AA added to each sample, resolution by ion exchange using a sodium citrate buffer as eluant, and detection by UV absorbance after nynhydrin-mediated derivatization. Prior to analysis, all samples were pretreated to eliminate protein interference. One milliliter of sample was added to 50 mg of solid 5-sulfosalycilic acid, allowed to stand for 1 h at 4°C, centrifuged for 10 min at 4000 × g, and added with 0.3 M lithium hydroxide at the ratio 1:1 (vol/vol) to adjust pH to ca. 2. The internal standard N-Leu was added to the deproteinized sample at the ratio 1:1 (vol/vol) and then filtered through a 0.2-µm membrane.
The MW profile of peptides was estimated by gel permeation. The separation conditions were a flow rate of 0.4 ml/min of 0.05 M phosphate buffer containing 0.15 M NaCl (to adjust ionic strength) and 0.2 g/L NaN 3 (to protect from microbial contamination) as eluant. Sample injection volume was 100 µl, and detection was by absorbance at 280 nm. Prior to analysis, the samples and buffer were filtered through a 0.2-µm membrane filter and degassed. The void volume of the column was determined using blue dextran. The column was calibrated using an aqueous solution containing 5.8 mg/ml aldolase (MW: 158,000 Da), 7.0 mg/ml bovine albumin (MW: 67,000 Da), 4.5 mg/ml bovine β-LG (MW: 36,000 Da), 2.0 mg/ml bovine α-LA (MW: 14,000 Da), 2.5 mg/ ml insulin-B (MW: 5,750 Da), 2.5 mg/ml insulin A (MW: 2,531 Da), and 2.0 mg/ml NAD (MW: 669 Da).
Assay for Exopolysaccharide Production
The nitrogen fraction of 20-g samples of postfermentation broth was precipitated with 2% (wt/wt) 5-sulphosalycilic acid, allowed to stand for 1 h at 4°C, and then 
Assay for Physical Properties
The viscosity of each sample of the fermentation batch was determined under steady shear flow by a controlled stress rheometer. Steady shear rates were applied in a continuous manner at increasing torque, and the viscosity was determined at a constant shear rate of 0.5 s . Because of the wide variation of viscosity throughout fermentation, accurate measurements for some samples were not possible because of equipment limitations; hence, the viscosity of samples diluted at the ratio 1:2 (vol/vol) was also measured.
Multidimensional Statistical Analysis
Correlation between variables throughout the various experiments was by principal components analysis (11) . To avoid possible distortions of variability owing to measurement units, all variables were centered and reduced; the quantitative variables were then projected onto plans to obtain a representation between points and to assure minimal deformation. This analysis transformed the initial quantitative variables in new, uncorrelated variables; the principal axes were a linear combination of initial quantitative variables, in which the first two accounted for most variance between experiments.
RESULTS AND DISCUSSION

Evolution of Peptide Fractions
The plain bovine, caprine, and ovine wheys and the bovine whey permeate used in our experiments possessed distinct compositions in terms of lactose, protein, moisture, and minerals (Table 1 ). It was apparent that caprine whey showed too low contents of lactose, proba- bly because caprines produce milk with the lowest lactose content. An important difference existed between the feedstocks in regards to the carbon:nitrogen molar ratios (i.e., 14:1, 12:1, 6:1, and 46:1, respectively). Peak integration of gel permeation chromatograms (for a typical example, see Figure 1 ) was duly performed, but to simplify generation of conclusions, the peaks detected in each chromatogram were lumped in MW fractions, as observed in Table 2 . The major peaks (β-LG and α-LA) virtually disappeared as a consequence of hydrolysis effected by proteases, whereas new peaks of MW below 10,000 Da concomitantly formed. The fraction 500 to 1000 Da was accounted for by small peptides, as well as nonprotein nitrogenous compounds, viz. orotic acid; the fraction <500 Da was essentially constituted by free AA and such nonprotein nitrogenous compounds as uric acid. The initial concentration profiles of plain and hydrolyzed bovine whey were rather different from one another: the former was poorer in small peptides, whereas the latter was poorer in high MW peptides. Whey permeate was also poor in peptides. Caprine whey, and especially ovine whey, displayed high concentrations of the fraction 4000 to 6000 Da (which increased upon hydrolysis), but a very low concentration was observed in bovine whey. Such differences between breeds have been also described elsewhere (12) . Caprine whey was poorer in the fraction 500 to 1000 Da, thus implying a lower concentration of small peptides and orotic acid. Ovine whey was richer in small peptides Journal of Dairy Science Vol. 82, No. 11, 1999 and much richer in free AA. Analysis of the peptide uptake during fermentation (see Table 2 ) indicated that the fraction >10,000 Da was present, especially in plain whey, and underwent a very significant decrease between 12 and 24 h. This fraction, which appeared in ovine whey only by 24 h, was probably associated with the formation of peptide aggregates with MW >10,000 Da. The fraction 6000 to 10,000 Da, which was present only in hydrolyzed whey (either fermented aerobically or anaerobically, and when mixed with NaCl), disappeared after only 6 h in all such media, which indicated reasonable activity of peptidases produced by R. aquatilis. The fraction 4000 to 6000 Da appeared during the first 6 h in hydrolyzed bovine whey with concomitant disappearance of the fraction 6000 to 10,000 Da. It decreased by 6 h for whey fermented anaerobically (with a slight increase after 24 h) and remained almost constant throughout fermentation for whey added with 2% (wt/vol) NaCl. Interestingly, hydrolyzed whey fermented aerobically and whey containing 0.5% (wt/vol) salt exhibited a slight decrease by 12 h followed by a notorious increase by 24 h. Such peak might, in principle, have been associated with the production of a compound in these media that absorbs strongly at 280 nm but which is likely not a peptide. The area of such peak decreased with increasing salt concentration. The lower amounts of the fraction 4000 to 6000 Da in plain whey and in whey permeate remained as such until 24 h and started disappearing after this time to probably originate the fraction 2000 to 4000 Da. This fraction was important in initial ovine and, to a lesser extent, in initial caprine whey; an important decrease was observed by 6 h in both media (with simultaneous increase in lower MW fractions) but not afterward.
The lower fraction (i.e., <2000 Da, which accounted for short peptides, nonproteinaceous compounds, and free AA) decreased in all fermentation media (except for ovine and caprine wheys) throughout the first 6 h as these compounds are easily assimilated by bacteria. A slight increase was observed in some fractions (<1000 Da) with concomitant disappearance of longer peptides (1000 to 2000). This fraction of peptides (<2000 Da) is essential, or at least stimulating, for growth of several bacteria (2, 14, 17) . The lower fractions in plain whey, whey permeate, and hydrolyzed whey fermented aerobically were almost completely depleted by 24 h, probably owing to the low amounts present in the initial media for the first two cases, or to the high rates of hydrolysis of small peptides and of depletion of free AA by bacteria in the second case. Similar results were obtained for the (previously tested) synthetic medium (LSM), which confirmed that bacterium growth and exopolysaccharide synthesis demanded significant concentration of small peptides. In caprine and ovine 1 PW = Plain whey, HW = hydrolyzed whey, 2% = whey with 2% NaCl, 0.5% = whey with 0.5% NaCl, WP = whey permeate, WA = whey under anaerobisis, CW = caprine whey, and OW = ovine whey. SEM = Standard error of the mean.
wheys, this fraction increased initially for the reasons put forward above, but only part was consumed afterward; therefore, significant amounts of peptides and AA still remained in the broth by the end of fermentation.
Changes in Concentration of Free AA
The total initial concentrations of free AA are depicted in Figure 2 . The total concentrations of free AA in media in which whey was previously submitted to hydrolysis were very high when compared with those of whey permeate and plain whey, as expected. Among all feedstock media tested, ovine whey displayed the highest concentration of free AA, viz. 3-fold that of hydrolyzed whey, ca. 40-fold that of plain whey, and ca. 30-fold that of whey permeate (see Figure 2) . Comparison of the media described with the performance reported by Pintado et al. (13) showed that all wheys hydrolyzed previously exhibited a concentration of 1000
Journal of Dairy Science Vol. 82, No. 11, 1999 to 1400 mg/L, that is ca. 2-fold that of LSM. Ovine whey was ca. 6-fold, whereas plain whey and whey permeate were only ca. one-fourth of those of LSM, which meant that a reduced concentration (of at least <200 mg/L) could constrain the regular metabolism of R. aquatilis. The total concentration of free AA decreased in all media by 6 h, except in the case of caprine and ovine wheys, for which a slight increase was actually observed. Such increase corresponded to the decrease in fractions with MW between 4000 and 6000 Da in caprine whey and fractions with MW between 500 and 1000 Da and below 500 Da in ovine whey, both of which may release free AA (see Table 6 ). After that, the total free AA in whey fermented aerobically and in whey containing NaCl [0.5 or 2% (wt/wt)] decreased continuously (at considerable rates) until 28 h and remained at such low levels thereafter. Whey fermented anaerobically showed a slight increase between 6 and 12 h, and a continuous decrease thereafter until 36 h, after which the trend was actually reversed. Whey permeate, and especially plain whey, exhibited slight decreases and increases throughout fermentation but always to very low levels when compared with other media. Caprine whey and ovine whey showed, between 6 and 12 h, a significant and a slight decrease, respectively, but the opposite was observed between 12 and 24 h; evolutions of total free AA were similar after that time.
Preliminary hydrolysis of whey increased the total free AA concentration quantitatively (see Figure 2) , as well as qualitatively (see Tables 3 to 6 ), thus allowing production of more nutritious media. Hydrolyzed bovine, caprine, and ovine wheys showed different concentrations but similar proportions of the various free AA, owing to distinct whey protein concentration. All hydrolyzates exhibited significant amounts of most free AA, especially with respect to Leu and Lys, but only small amounts of Glu and Gly were observed in bovine plain whey and whey permeate. In whey permeate and plain whey, very slight variations were observed throughout the whole fermentation period with virtual depletion by 6 h in the case of plain whey (see Table 3 ). Hydrolyzed bovine whey fermented aerobically and whey added with NaCl [at 2 or 0.5% (w/w)] led to similar results (see Tables 3 and 4 ). In the first 6 h, an increase was observed only for the concentration of Leu, Val, Ile, and Thr, probably because these were most abundant residues in the main components liberated from the small peptides that were degraded. After 12 h, the concentration of all AA, except Asp and Val, underwent significant decrease. In whey fermented anaerobically, despite its composition being similar to that of the media referred to above, some important differences could be detected (see Table 5 ). Valine increased, but at a slower rate, by 12 h and then remained almost constant until 48 h; Lys decreased only slightly within the same time frame; Leu and Ile remained at considerably high levels until 48 h. A slight increase in Glu, Ala, and Leu was observed after 36 h (resulting probably from hydrolysis of fractions 1000 to 2000 and 4000 to 6000 Da, as apparent in Table 2 ). Caprine whey evolved similarly to its bovine counterpart, except for two important points. Valine increased by 24 h in bovine whey and then remained approximately constant until the end of fermentation (as happened with anaerobic fermentation); and Lys decreased rapidly during the first 6 h in caprine whey, while it remained constant in bovine whey. Ovine whey shared the tendency of evolution of Val during fermentation that was exhibited by caprine whey and bovine whey fermented anaerobically, but differences worthy of note were detected; viz. Val, Leu, Ile, Tyr, and Phe remained at high concentrations until the end of fermentation. It is important to point out that the fastest consumption of substrate in hydrolyzed whey fermented aerobically, whey added with salt, and caprine whey occurred in the first 12 h (i.e., before the onset of the stationary phase). Bovine whey fermented anaerobically showed lower net rates of consumption of free AA probably because the energy-yielding metabolism is slower. Ovine whey also exhibited net rates of consumption, probably because the important peptide fraction 4000 to 6000 Da of ovine whey leads rapidly to buildup of concentrations of free AA as catabolites during fermen- tation (see Table 2 ). Whey permeate and plain whey showed a notable deficiency in free AA, especially during exponential growth. After comparison of the nitrogen fractions (encompassing peptides and AA) with the final yields obtained for organic acids, biomass, and growth rate (see Table  7 ), it could be concluded that the media in which Val remained at high levels until the end (i.e., caprine and ovine wheys and bovine whey fermented anaerobically) showed the highest rates of acetic acid production and, consequently, of medium acidification. Despite being fermented aerobically, ovine whey (possessing large amounts of peptides and free AA) showed the highest concentrations of all organic acids (except lactic acid), coupled with the highest degree of consumption of lactose. Plain whey and whey permeate (lower in peptides and free AA) did not show as extensive a production of acetoine, probably because partial consumption of lactose did not lead to formation of enough pyruvate (which mediates production of acetoin) (16) . For such media, and especially in the case of whey permeate, the lower rates of consumption of lactose led also to lower rates of production of organic acids. Less organic acids were in turn associated with the lower concentration of free AA (because the only difference between plain and hydrolyzed whey was actually the deficiency in the free AA). Said over-and underproduction of organic acids associated with deficiency of some free AA has been already observed for other groups of bacteria (5). These deficiencies force selection of alternative metabolic pathways that can synthesize products (e.g., acetate and ethanol), which will make up for the lack of free AA. The high levels of free AA in the case of ovine whey also led to a similar effect, viz. overproduction of organic acids. The cell yields were very similar to one another for all feedstocks used; however, plain whey and whey permeate (both possessing AA at lower concentrations) exhibited slightly lower yields, which suggests that free AA can be limiting for biomass formation when in low concentration. However, the growth rate was not affected in an identical fashion; the lower growth rate observed in plain whey could not be attributed only to low concentration of free AA because permeate should be affected in the same way. The higher concentration of free AA in ovine whey also caused decreases in the growth rate because the presence of salt did not apparently play a role (see the case of bovine whey added with salt).
The viscosities of diluted samples are depicted in Figure 3 . The viscosities of hydrolyzed bovine whey fermented aerobically by 24 h and of whey permeate by 36 h were <20 Pa.s (for a shear rate of 0.5 s
−1
). The hydrolyzed bovine whey fermented aerobically showed the highest viscosity, which remained almost constant after 28 h probably because of limitations in the carbon source (i.e., lactose) rather than in the nitrogen source (peptides and free AA). This phenomenon was observed previously (13) with synthetic medium showing a slight increase by 28 h. Salts inhibited polysaccharide production because whey added with 2% (wt/wt) NaCl showed the slowest polysaccharide production (in spite of the otherwise identical composition to plain whey medium) coupled with the fact that decreases in salt concentration led to increases in viscosity. The lack of available molecular oxygen also constitutes an inhibiting factor because lactose is preferentially consumed toward organic acid formation. The reduced nitrogen available for bacteria in plain whey constrained polysaccharide production, and important amounts of lactose remained concomitantly intact, as the nitrogen availability was the only difference relative to hydrolyzed whey. Caprine
Journal of Dairy Science Vol. 82, No. 11, 1999 whey underwent lower polysaccharide production, probably owing to its lower initial lactose content; however, higher amounts of acetic acid were also produced. Despite its highest initial concentration of lactose, ovine whey was fermented preferentially toward organic acid production, probably because of the excess of available nitrogen.
Multidimensional Statistical Analysis
Principal components analysis follows three basic concepts: 1) the higher or lower proximity between two variables is a direct measure of their higher or lower correlation with each other, especially if they are located far from the axis origin; 2) the higher or lower proximity of a variable to an axis describes its larger or smaller effect upon the measured outcome; and 3) the proximity between two experiments under a factorial plan is an indication of their similarity in what pertains to measured variables (11) . This type of analysis was applied to the 56 factorial experiments associated with eight different media and seven different times of fermentation. It was also applied to such variables as concentrations of 20 free AA, of 7 peptide fractions, of total free AA, of lactose, of 5 organic acids, and of polysaccharide, as well as to viscosity, biomass, and acidity. From analysis of the correlation matrix, significant and positive correlations were observed between several free AA but only between two peptide fractions (see Table 8 ). In general, Met, Arg, and Thr were the free AA whose concentrations correlated best with those of other free AA. Hence, these AA were most suited to monitor the evolution of the pool of free AA throughout fermentation. Some free AA that did not correlate with the general trend included Asn, Gln, and Gly, which are promptly consumed; Ala and Ser, which pass through minima; Val, which increases continuously; Asp, which shows apparently random variations with time; and Orn, which remains virtually constant. With respect to the peptide fractions, only fractions <500 Da and, to a lesser extent, 1000 to 2000 Da correlated well with some free AA, which provided supplementary evidence that the former fraction was constituted mainly by free AA. Interesting correlations were also found for the products generated by bacteria, as well as for biomass (see Table 9 ). The mutual correlation of the concentrations of acetic acid and Val agreed with the conclusions above encompassing caprine and ovine wheys and bovine whey fermented anaerobically; as expected acetic acid content correlated well (and negatively) with lactose content. Succinic acid was positively correlated with several free AA and with the peptide fraction <500 Da. The correlation of acetoine with acetic acid confirmed that acetoine is formed only when large amounts of pyruvate are also formed as co-metabolite, which in turn occurs following an increase in acetic acid concentration (16) . The positive correlation between viscosity and lactan concentration confirmed that increase of viscosity was mainly a consequence of the increase in lactan concentration. Finally, increasing acidity observed throughout the fermentation process should have resulted essentially from consumption of lactose with formation of acetic acid. In Figure 4 , it can be observed that Thr ( Only two axes were considered because the third axis already accounted for less than 6.5% of the total variance. Inspection of Figure 5 indicates that experiments with ovine whey were far apart from the other experiments, a result that probably derived from the extremely high concentration of free AA. The initial period of fermentation corresponded to the negative sides of axes 1 and 2. As time of fermentation elapsed, the experiments exhibited a trend toward the positive side of axis 2 but were still on the negative side of axis 1. The first period of fermentation of ovine whey ascertains importance to a group of AA that included Arg, Lys, Hyd, Thr, and Gln. Time elapsed shifted importance to another group of AA (viz. Met, Glu, Phe, and Try), as well as to acetoine and formic, lactic, and acetic acids by the end of fermentation. This observation indicated that free AA influence the fermentation behavior during the whole run, whereas organic acids are more important in the last stages of fermentation. It was possible to group two experiments on the positive side of axis 1, with whey permeate and with plain whey. Interestingly, this realization confirmed that the characteristics shared by these media (i.e., lower concentration of free AA) were enough to separate their behaviors from those of the other media. The remaining media were associated with the origin of both axes and started on the negative sides of both axis for initial times of fermentation. As fermentation time elapsed, the trend was eventually toward the positive sides of both axes. Therefore, for these experiments the free AA were again more associated with initial stages of fermentation, and as fermentation time elapsed the viscosity, polysaccharide concentration, biomass levels, and acidity became more important.
